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METHODS AND SYSTEMS OF PRODUCING SELF-CONSISTENTLY A CALIBRATIO
CONSTANT FOR EXCESS CHARGE CARRIER LIFETIME

TECHNICAL FIELD
5 The present invention relates generally to semiconductors and more particularly to

methods of determining excess charge carrier lifetime in semiconductor structures.

SUMMARY

In accordance with an aspect of the invention, there is provided a system for

10 producing self consistently a calibration factor A; for use in determining a charge
carrier lifetime in a semiconductor sample. The system comprises: a light source for
reproducibly illuminating a semiconductor sample with a time-varying absolute
photon flux; a measurement device for contactlessly measuring a physical response of
the semiconductor sample dependent on the excess charge carrier density in the

15 semiconductor sample produced by the illumination; and a processor coupled to the
measurement device for producing self consistently a calibration factor A, for use in
determining the excess charge carrier lifetime of the semiconductor sample dependent
upon a charge carrier generation rate per unit volume as a function of time, and the
measured physical response of the semiconductor sample.

20
The charge carrier generation rate is known by measuring the absolute photon flux as
a function of time incident upon the semiconductor sample and is dependent upon

known physical properties of said semiconductor sample.

25 Inaccordance with another aspect of the invention, there is provided a system for
producing self consistently a calibration factor A; for use in determining a charge
carrier lifetime in a semiconductor sample. The system comprises: a light source for
illuminating a semiconductor sample with a time-varying absolute photon flux; a
reference illumination detector to measure the photon flux incident upon the

30 semiconductor sample emitted by the light source; a measurement device for

contactlessly measuring a physical response of the semiconductor sample dependent
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on the excess charge carrier density in the semiconductor sample produced by the
illumination; and a processor coupled to the reference illumination detector and the
measurement device for producing self consistently a calibration factor A; for use in
determining the excess charge carrier lifetime of the semiconductor sample dependent
upon a reference illumination measurement of the reference illumination detector,
known physical properties of the semiconductor sample, and the measured physical

response of the semiconductor sample.

The light source may comprises:
one or more monochromatic or substantially monochromatic light sources;
one or more lasers;
one or more lasers with filtering;
a broad spectrum light source;
a broad spectrum light source that is filtered;
a high power light emitting diode;
a high power light emitting diode with filtering;
an array of light emitting diodes; and

an array of light emitting diodes with filtering.

The system may further comprise a signal driver coupled to the light source for
controlling the time-varying absolute photon flux illuminating the semiconductor
sample. The signal driver is coupled to the light source and the processor, the signal

driver being at least partly implemented using the processor.

Regarding the second aspect of the invention, the processor derives and analyzes a
charge carrier generation rate per unit volume signal dependent upon the absolute
value of the photon flux of the reference illumination measurement and the physical

properties of the semiconductor sample.
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The physical properties of the semiconductor sample may comprise the thickness, the
wavelength-dependent optical absorption coefficient, and the wavelength-dependent

reflectance of the semiconductor sample.

Regarding the second aspect of the invention, the reference illumination detector and
the semiconductor sample may be alternately arrangable in the same position relative
to the light source for alternately measuring the photon flux incident upon the
semiconductor sample, and the physical response of the semiconductor sample, under
the same nominal illumination conditions. The reference illumination detector may
measure a photon flux essentially equivalent to the absolute photon flux of the
illumination that would be incident upon the semiconductor sample. The system may
further comprise a beam splitter disposed between the light source and the
semiconductor sample to direct at least a portion of the illumination to the reference
illumination detector. The reference illumination detector and the semiconductor
sample may be arranged in a substantially non-parallel orientation relative to each
other. The reference illumination detector measures the relative photon flux of the
illumination. A separate measurement may be required to calibrate the measured
relative photon flux to derive an absolute value of the photon flux incident upon the
semiconductor sample. The ratio between the measured relative photon flux and the
absolute photon flux incident upon the semiconductor sample may be determined
based on the design of the beam splitter. The physical response of the semiconductor
sample may comprise at least one of relative photoluminescence, relative

photoconductance, relative free carrier absorption, and relative free carrier emission.

Regarding the second aspect of the invention, the reference illumination detector and
the semiconductor sample may be arranged in a substantially parallel orientation in
substantially the same plane. The reference illumination detector may measure a
photon flux essentially equivalent to the absolute photon flux of the illumination
incident upon the semiconductor sample. The physical response of the semiconductor
sample may comprise at least one of photoluminescence, photoconductance, free

carrier absorption, and free carrier emission.
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The system may comprise at least two measurement devices for measuring at least
two physical responses. The measurement device may comprise an optical
measurement device for measuring the physical response of the semiconductor
sample. The measurement device may comprise an electrical measurement device for
measuring the physical response of the semiconductor sample. The electrical
measurement device may comprise an inductively coupled radiofrequency (RF)
bridge for measuring photoconductance. The electrical measurement device may
comprise a microwave reflectance, transmission or absorption measurement device.
The at least two physical responses may be photoluminescence and
photoconductance. The measurements may be performed simultaneously or
substantially simultaneously under the same illumination produced by the light
source. Alternatively, the measurements may be performed sequentially using
reproducible illumination produced by the light source, a signal driver being coupled

to the light source for controlling a reproducible pulse profile of the illumination.

The system may perform calibration for quasi-steady-state, charge-carrier-lifetime

measurements.

The calibration factor A; may be determined iteratively based on the relationship
between A; - Ip., and a weighted average over the volume of the the semiconductor
sample of B - n - p, where Ipy, is the measured PL current, B is the radiative
recombination coefficient, n is the electron density and p is the hole density, and
based on a relationship between the effective excess charge carrier lifetime Ter and
the weighted average and the charge carrier generation rate and the time derivative of

the weighted average.

The calibration factor A; may be determined iteratively based on the relationship
between A; - Ip., and a weighted average over the volume of the the semiconductor
sample of B - n - p, where Ipy, is the measured PL current, B is the radiative

recombination coefficient, n is the electron density and p is the hole density, and
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based on a time dependent relationship between the effective excess charge carrier

lifetime terr and the weighted average and the charge carrier generation rate.

The calibration factor A; may be determined iteratively based on the relationship, A;-
IpL,and B - (Np + <An>) - <An>, where Ip is the measured PL current, B is the
radiative recombination coefficient, Np is the doping density, and <An> is a weighted
average over the volume of the the semiconductor sample of the excess charge carrier
density, and based on a relationship between the effective excess charge carrier
lifetime terr and the weighted average and the charge carrier generation rate and the

time derivative of the weighted average.

The calibration factor A; may be determined iteratively based on the relationship, A;-
IpL,and B + (Np + <An>) - <An>, where Ipy, is the measured PL current, B is the
radiative recombination coefficient, Np is the doping density, and <An> is a weighted
average over the volume of the the semiconductor sample of the excess excess charge
carrier density, and based on a time dependent relationship between the effective
excess charge carrier lifetime T and the weighted average and the charge carrier

generation rate.

The calibration factor A; may be determined iteratively based on the relationship, A; -
Vrc= (e + ) * <An>, where Vpc is the measured PC signal, . is the electron
mobility, py, is the hole mobility, and <An> is a weighted average over the volume of
the the semiconductor sample of the excess charge carrier density, and based on a
relationship between the effective excess charge carrier lifetime 1oy and the weighted
average and the charge carrier generation rate and time derivative of the weighted

average.

The calibration factor A; may be determined iteratively based on the relationship, A; -
Vec= (He + 1) * <An>, where Vpc is the measured PC signal, 1. is the electron

mobility, p, is the hole mobility, and <An> is a weighted average over the volume of
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the the semiconductor sample of the excess charge carrier density, and based on a
time dependent relationship between the effective excess charge carrier lifetime Tetr

and the weighted average and the charge carrier generation rate.

The relationship governing the effective excess charge carrier lifetime Terr is defined

as follows:
. = < An(t) >
eff — ’
G(t)— d < An(t) >
dt

where G(t) is the charge carrier generation rate of carriers per unit volume, and
<An(t)> is a weighted average over the volume of the the semiconductor sample of

the excess charge carrier density.

In accordance with a further aspect of the invention, there is provided a method for
producing self consistently a calibration factor A; for use in determining a charge
carrier lifetime in a semiconductor sample, the method comprising: reproducibly
illuminating a semiconductor sample with a time-varying absolute photon flux;
contactlessly measuring a physical response of the semiconductor sample dependent
on the excess charge carrier density in the semiconductor sample produced by the
illumination; and producing self consistently a calibration factor A; for use in
determining the excess charge carrier lifetime of the semiconductor sample dependent
upon a charge carrier generation rate per unit volume as a function of time, and the

measured physical response of the semiconductor sample.

The charge carrier generation rate may be known by measuring the absolute photon

flux as a function of time incident upon the semiconductor sample.

In accordance with a still further aspect of the invention, there is provided a method
for producing self consistently a calibration factor A; for use in determining a charge
carrier lifetime in a semiconductor sample, the method comprising: illuminating a

semiconductor sample with a time-varying absolute photon flux; measuring the
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photon flux incident upon the semiconductor sample; contactlessly measuring a
physical response of the semiconductor sample dependent on the excess charge carrier
density in the semiconductor sample produced by the illumination; and producing self
consistently a calibration factor A; for use in determining the excess charge carrier
lifetime of the semiconductor sample dependent upon a reference illumination
measurement, known physical properties of the semiconductor sample, and the

measured physical response of the semiconductor sample.

Further aspects of the above methods may be implemented in accordance with the
foregoing aspects of the above systems. These and other details are set forth

hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention are described hereinafter with reference to the

drawings, in which:

FIG. 1 is a graph of apparent effective excess charge carrier lifetimein units of
microseconds (s) versus excess charge carrier density An in units of inverse
centimeter cubed (An/cm™), showing numerical simulation (dotted lines) and

experimental data (solid lines) in accordance with an embodiment of the invention;

FIG. 2 is a graph of experimentally measured effective excess charge carrier lifetime
in units of ps versus An/cm™ for a 235 pum-thick textured n-type silicon wafer using
various techniques, two of which Quasi-Steady-State Photoluminescence (QSS-PL)
and Quasi-Steady-State Photoconductance (QSS-PC) have been carried out using an

embodiment of the invention;

FIG. 3 is a graph of normalized charge carrier generation rate per unit volume and
normalized excess carrier concentration versus time in seconds from an intermediate
mode photoluminescence (PL) experiment carried out close to quasi-steady state

conditions;
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FIG. 4 is a block diagram of a system for producing self consistently a calibration
constant A; for use in excess charge carrier lifetime measurements in a semiconductor

sample;

FIG. 5 is a high-level flow diagram of a method of producing self consistently a
calibration constant A; for use in excess charge carrier lifetime measurements in a

semiconductor sample;

FIG. 6 is a more detailed flow diagram of the step of determining the charge carrier

generation rate of Fig. 5;

FIG. 7 is a further detailed flow diagram of the step of producing self consistently the

calibration constant A; of Fig. 5;

FIG. 8 is a block diagram of another system for producing self consistently a
calibration constant A; for use in excess charge carrier lifetime measurements in a

semiconductor sample in accordance with a further embodiment of the invention; and

FIG. 9 is a block diagram of still another arrangement for producing self consistently
a calibration constant A; for use in excess charge carrier lifetime measurements in a

semiconductor sample;

Fig. 10 is a cross-sectional diagram of a semiconductor sample showing incident

illumination, reflected illumination and generation of charge carriers;

Fig. 11 is a plot of the generation of charge carriers as a function of time in response
to a pulse profile of illumination showing the rising and falling branches of the charge

carrier generation rate; and
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Fig. 12 is a plot of effective excess charge carrier lifetime Tetr as a function of An,

showing hysteresis from the rising and falling branches of Fig. 11.

DETAILED DESCRIPTION
Methods and systems for producing self-consistently a calibration constant A; for use
in determining excess charge carrier lifetime measurements in a semiconductor
sample are described. In the following description, numerous specific details,
including semiconductor materials and structures, physical response measurement
devices, particular light sources, and the like are set forth. However, from this
disclosure, it will be apparent to those skilled in the art that modifications and/or
substitutions may be made without departing from the scope and spirit of the
invention. In other circumstances, specific details may be omitted so as not to

obscure the invention.

Where reference is made in any one or more of the accompanying drawings to steps
and/or features, which have the same or like reference numerals, those steps and/or
features have for the purposes of this description the same function(s) or operation(s),

unless the contrary intention appears.

In the context of this specification, the word “comprising” has an open-ended, non-
exclusive meaning: “including principally, but not necessarily solely”, but neither
“consisting essentially of” nor “consisting only of”. Variations of the word

“comprising”, such as “comprise” and “comprises”, have corresponding meanings.

The methods or portions of the methods may be implemented in modules. A module,
and in particular its functionality, can be implemented in either hardware or software.
In the software sense, a module is a process, program, or portion thereof that usually
performs a particular function or related functions. Such software may be
implemented in C, C++, JAVA, JAVA BEANS, Fortran, or a combination thereof, for

example, but may be implemented in any of a number of other programming
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languages/systems, or combinations thereof. In the hardware sense, a module is a
functional hardware unit designed for use with other components or modules. For
example, a module may be implemented using discrete electronic components, or it
may form at least a portion of an entire electronic circuit such as a Field
Programmable Gate Arrays (FPGA), Application Specific Integrated Circuit (ASIC),
and the like. A physical implementation may also comprise configuration data for a
FPGA, or a layout for an ASIC, for example. Still further, the description of a
physical implementation may be in EDIF netlisting language, structural VHDL,
structural Verilog, or the like. Numerous other possibilities exist. Those skilled in
the art will appreciate that the system may also be implemented as a combination of

hardware and software modules.

Some portions of the following description are presented in terms of algorithms and
representations of operations on data within a computer system or other device
capable of performing computations. Such algorithmic descriptions and
representations may be used by those skilled in the art to convey the substance of their
work to others skilled in the art. An algorithm is a sequence of steps leading to a
desired result. The steps are those requiring physical manipulations of physical
quantities. Usually, though not necessarily, these quantities take the form of
electrical, magnetic, or electromagnetic signals capable of being stored, transferred,
combined, compared, and otherwise manipulated. These signals may be referred to as
bits, values, elements, symbols, characters, terms, numbers, or the like.

The above and similar terms are to be associated with the appropriate physical
quantities and are merely convenient labels applied to such quantities. Unless
specifically stated otherwise, and as apparent from the following, discussions utilizing

EE I 14 EE I 11 b 11

terms such as “producing”, “calculating”, “determining”, “obtaining”, “analyzing”,
“storing”, “forwarding”, “using”, “controlling” or the like, refer to the action and
processes of a computer system, or a similar electronic computing device. Sucha
system or device manipulates and transforms data represented as physical quantities

within the registers and memories of the computer system into other data similarly
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represented as physical quantities within the computer system registers, memories, or

another form of storage, transmission or display devices.

Apparatuses and systems for performing the operations of the methods are also
described. Such an apparatus may be specifically constructed for the required
purpose. Alternatively, the apparatus may comprise a general-purpose 6omputer or
another computing device (e.g., a PDA), which may be selectively activated or
reconfigured by a computer program read by the computer. The algorithms presented
herein are not inherently related to any particular computer or other apparatus; various

general-purpose machines may be used with programs.

The embodiments of the invention also relate to a computer program(s) or software,
in which method steps may be put into effect by computer code. The computer
program is not intended to be limited to any particular programming language,
operating environment, and implementation thereof. A variety of programming
languages, operating systems, and coding thereof may be used. Moreover, the
computer program is not intended to be limited to any particular control flow. There
are many other variants of the computer program, which can use different control
flows without departing the scope and spirit of the invention. Furthermore, one or
more of the steps of the computer program may be performed in parallel rather than

sequentially.

The computer program may be stored on any computer readable medium. The
computer readable medium may comprise storage devices, such as magnetic media
disks, CD-ROMs, DVDs, flash RAM devices, memory chips, memory cards,
magnetic tape, other storage devices and media suitable for interfacing with and being
read by a general-purpose computer, and combinations thereof. The computer
readable medium may also include a hard-wired medium, such as a local area network
or the Internet, or wireless medium, such as an IEEE 802.11 wireless network, a GSM

mobile telephone system, PCS, and GPS. The computer program when loaded and
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executed on such a general-purpose computer effectively results in an apparatus that
implements the method steps of the embodiments.

The methods of the embodiments comprise particular control flows. However,
different control flows can be practised without departing from the scope and spirit of

the invention.

Overview

Photoluminescence (PL) is an experimental technique that is well suited for sample
characterisation in photovoltaics and has some advantages (e.g., higher sensitivity,
and robustness against various artifacts) compared to other more widely used
techniques. The main obstacle to using PL measurements more routinely has been the
perceived difficulty in the conversion of measured relative PL signals into absolute
excess carrier concentration An. The methods described hereinafter provide a simple,
accurate solution to that problem. The methods allows PL to be used as a standalone
system for excess charge carrier lifetime and Suns-PL measurements, without the
need for a separate calibration technique. Methods in accordance with embodiments
of the invention enable conversion of relative PL or photoconductance (PC) signals,
as well as other physical response signals, into an absolute excess carrier

concentration An.

In the following description, the methods are demonstrated by comparison of self-
consistently calibrated quasi-steady-state PL measurements with transient PL and
with transient and quasi-steady-state PC measurements on silicon samples. While
described with reference to silicon samples, the embodiments of the invention may be
applied to other semiconductors. The method simplifies photoluminescence lifetime
measurements and the recently introduced Suns-photoluminescence technique, since
the method allows these techniques to be used in a self-contained way, without the
previous requirement for a technique involving an additional experimental device
measuring an alternative physical response signal or é technique using the same
measurement device but being more difficult or less accurate or otherwise

disadvantageous for calibration.
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Measurement of the effective charge carrier lifetime, Terr, at variable illumination
intensities is a characterisation technique widely used in photovoltaics research. In
many cases (in particular, in PC and PL lifetime measurements), the measurement is
carried out using a light pulse with slowly varying light intensity, such that the carrier
concentration within the sample to be measured is under approximately steady-state
conditions at all times. The terminology quasi-steady-state (QSS) is used to describe
this situation. In QSS-PC or QSS-PL measurements, a significant step in the data
analysis is the conversion of the measured PC or PL signal into an average excess
carrier concentration, <An>, which is a weighted average over the volume of the the
semiconductor sample. In many cases, this conversion involves the determination of a
single calibration constant, denoted A, for the semiconductor sample. The
embodiments of the invention provide a self-consistent method to determine the
absolute value of A;. For PL measurements, this is advantageous, because the method
allows QSS-PL lifetime measurements to be performed independently from other
experimental techniques requiring the use of another measurement device or using the
same measurement device but being more difficult or less accurate or otherwise
disadvantageous . For QSS-PC measurements, the self-consistent method yields

accurate results in relation to previously used calibration methods.

The method uses a light pulse that is slightly too fast to yield quasi-steady-state
conditions within the particular semiconductor sample and has rising and falling
branches. The PL method can be used on bare wafers, partly processed solar cells and
finished solar cells, for example, but the method is not restricted to wafers. Each light
intensity and each excess charge carrier density An within the wafer are thus reached
twice during each pulse, i.e. once during the rising branch and once during the falling
branch of the light pulse. Two excess charge carrier lifetime values can thus be
assigned to each value of the carrier concentration An. Both theoretical analysis and
experimental data show that in case of an inaccurate calibration of the physical

response measurement system, i.e. an inaccurate value of the calibration constant A;,
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the two nominal charge carrier lifetimes obtained for the same excess charge carrier
concentration differ from each other, resulting in hysteresis loops in plots of the
effective excess charge carrier lifetime t.s(An) over the excess charge carrier
concentration An (as shown in FIG. 1 and described hereinafter). The nominal excess
charge carrier lifetimes are both in error, but the error is different for the rising and
falling branches. Hysteresis effects are minimized for the correct value of the
calibration constant A;. Variation of the calibration constant A; during data analysis
allows the accurate calibration of the system (for the particular semiconductor sample
being investigated) by minimizing or removing hysteresis effects from the resulting

effective excess charge carrier lifetime T.s(An) curves.

In accordance with the embodiments of the invention, calibration methods that are
self-consistent may be applied to other excess charge carrier lifetime measurement
techniques that can be performed in a QSS mode, such as for instance microwave
reflectance photoconductance, free carrier absorption, and free carrier emission. In
principle, QSS-PC includes microwave reflectance photoconductance. QSS-PC can
be measured as follows: 1) inductively coupled Radio Frequency (RF) bridge and 2)
microwave reflectance. Other methods of QSS-PC excess charge carrier lifetime
measurement may also be possible utilizing microwave transmission or absorption.

The embodiments of the invention are described in greater detail hereinafter.

Method and system for self-consistent calibration

Fig. 5 illustrates a method 500 of producing self-consistently a calibration constant A;
for use in determining excess charge carrier lifetime measurements in a
semiconductor sample in accordance with an embodiment of the invention. The
method 500 commences in step 510. In step 512, the semiconductor sample is
illuminated with a time-varying absolute photon flux. This illumination may be
reproducible. A reproducible light pulse is required if the charge carrier generation
rate as a function of time is already known prior to the measurement in step 518.
However, the light source may have a non—reproducible light pulse profile if the

generation rate is determined based on the reference detector measurement. Steps 514
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and 516 are depicted with dashed lines to indicate that these steps are not required in
all cases (i.e., they are optional in certain circumstances), as described in greater detail
hereinafter. In step 518, at least one physical response of the semiconductor sample is
contactlessly measured. By contactlessly, the term is used herein to refer to
electrically contactless. The physical response is dependent on the excess charge
carrier density An in the semiconductor sample produced by the illumination. In step
520, a calibration constant A; is produced self consistenly for use in determining the
excess charge carrier lifetime of the semiconductor sample dependent upon the charge
carrier generation rate per unit volume as a function of time, known physical
properties of the semiconductor sample, and the measured physical response of the
semiconductor sample. The details of step 520 are shown in Fig. 7, described

hereinafter. In step 522, processing ends.

Regarding step 514 of Fig. 5, the photon flux emitted by the light source that is
incident upon the semiconductor sample may be measured to provide a reference
illumination measurement, which is used to determine the charge carrier generation
rate. This step, however, is not required if the charge carrier generation rate as a
function of time is already known and the light source is capable of producing
reproducible light pulse profiles. Regarding step 516, the charge carrier generation
rate of the semiconductor sample is determined. For a particular sample or type of
sample, the charge carrier generation rate per unit volume as a function of time may
already be known, so only the physical response as a function of time needs to be
measured. The charge carrier generation rate is therefore not required to be
determined. However, an initial determination of charge carrier generation rate may
be required, for example, for batches of the same type of semiconductor sample to be

processed. The details of step 516 are illustrated in Fig. 6, described hereinafter.

Fig. 4 illustrates a system 400 for producing self-consistently a calibration constant A;
for excess charge carrier lifetime measurements in a semiconductor sample. The
calibration is not carried out in, but is typically close to, quasi steady state (QSS). The

calibration provides a relationship between the PL or PC signal and An for a particular
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sample. This relationship is used to measure An, which combined with the charge
carrier generation rate of charge carriers yields the excess charge carrier lifetime. A
light source 430 is provided for illuminating a semiconductor sample 440 with a time-
varying absolute flux. Again, see the above comments regarding reproducible versus
non-reproducible pulse profiles of the illumination. The light source may comprise
one or more of at least one monochromatic or substantially monochromatic light
source, at least one laser, at least one laser with filtering, a broad spectrum light
source, a broad spectrum light source that is filtered, a high-power light emitting
diode (LED), a high-power light emitting diode (LED) with filtering, an array of
LEDs and an array of LEDs with filtering. In the embodiment of Fig. 4, the light
source 430 may generate light with a central wavelength of 850 nm, for example.
Further, for the purposes of illustration only, the semiconductor sample 440 may be
an n-type silicon (Si) wafer that is 235 um thick. At the given wavelength (L), the

light incident on the semiconductor sample 440 may be essentially fully absorbed.

The light source 430 may be coupled to a processor 410, which is depicted by a
general-purpose computer in Fig. 4. The processor 410 can execute computer
programs and software to perform a variety of functions and tasks, including
analzying signals generated by the system 400, as described hereinafter. Preferably, a
signal driver 420 is coupled between the processor 410 and the light source 430 to
control a reproducible pulse profile of the light signal generated by the light source
430. Dependent upon the capabilities of the light source 430, the signal driver 420
may be implemented in software, hardware, or a combination of the two. If
implemented in software, the signal driver 420 may be carried out using the processor

410, for example.

As noted above with regard to Fig. 5, it is not always necessary to measure the photon
flux incident on the semiconductor sample and to determine the charge carrier
generation rate per unit volume as a function of time, since the latter may already be

known.



WO 2008/052237 PCT/AU2006/001625

10

15

20

25

30

-17-

The system 400 comprises a measurement device 470 and further may comprise a
relative reference illumination detector 460. In this embodiment, the reference
illumination detector 460 measures relative photon flux incident upon the
semiconductor sample 440 emitted by the light source 430. However, as described
with reference to Fig. 8, the detector 460 may measure absolute photon flux, e.g.,
where the beamsplitter reflectance has been selected such that the absolute photon
flux incident upon the detector 460 is the same as that incident on the sample . In the
literature, the term “photon flux” is generally understood to mean absolute photon
flux, in contrast to relative photon flux. However, as used in this description, the term
“photon flux” per se covers both absolute photon flux and relative photon flux, while
each of the latter terms is used to describe particular embodiments of the invention.
The measurement device 470 contactlessly measures a physical response of the
semiconductor sample 440 dependent on the excess charge carrier density An in the
semiconductor sample 440 produced by the illumination. The measurement device
470 may measure relative photoluminescence (PL) or photoconductance (PC) excited

in the semiconductor sample 440.

A beam splitter 450 may be used to split a portion of the illumination from the light
source 430 incident on the semiconductor sample 440 to the relative reference
illumination detector 460. In this embodiment, the relative reference illumination
detector 460 measures the relative photon flux incident upon the detector 460 and
produces a reference illumination measurement. A calibration of the ratio between

relative and absolute flux has to be carried out.

Fig. 4 shows a particular arrangement of the semiconductor sample 440 and the
relative reference illumination detector 460, however, their positions may be
alternately changed relative to the light source 430. The relative reference
illumination detector 460 and the semiconductor sample 440 are arranged in a
substantially non-parallel orientation relative to each other, as shown in Fig. 4. In this
arrangement, the orientations of the surfaces of the sample 440 and the detector 460

that the illumination is incident upon are substantially perpendicular to each other.
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However, other orientations may be practiced without departing from the scope of the
invention. In further embodiments described hereinafter, the relative reference
illumination detector 460 and the semiconductor sample 440 may be substantially

parallel in substantially the same plane.

The measuring device 470 may comprise an optical measurement device for
measuring photoluminescence excited in the semiconductor sample 440, an electrical
measurement device for measuring photoconductance excited in the semiconductor
sample 440, or a combination thereof. PC and PL measurements can be made
simultaneously, but are completely independent measurements. Making both
measurements is useful, since doing so allows the same sample to be measured with
both PL and PC at the same time. PC data is generally more reliable at “high” charge
carrier densities (i.e. at high illumination levels), and PL data is more reliable at
moderate and low charge carrier densities levels. Therefore, collecting both at the
same time allows the excess charge carrier lifetime to be accurately measured at all
desired charge carrier densities levels at the same time (i.e. in a single pulse or
averaged data from a single set of pulses), with no change to the experimental setup.
The self-consistent calibration required for the above PC and PL measurements is
typically carried out at moderate to high illumination levels. Unlike conventional
systems in which a previously calibrated PC apparatus is often used to calibrate PL
measurements, the method in accordance with the embodiments of the invention
permits both to be calibrated at the same time. For PC, the method in accordance
with the embodiments of the invention is easier than the conventional calibration

method and may be more accurate.

While not shown in Fig. 4, a filter or several filters may be used between the sample
440 and the measuring device 470 for passing PL/PC in the desired range while
blocking the light generated by the light source 430, for example.

Both the relative reference illumination detector 460 and the measurement device 470

are coupled to the processor 410. The processor 410 receives a reference illumination
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measurement (of the relative photon flux) from the relative reference illumination
detector 460 and a physical response (e.g., photoluminescence or photoconductance)
measurement from the measurement device 470. The physical response of the
semiconductor sample 440 may alternatively be free carrier absorption or free carrier
emission. The processor 410 produces self-consistently a calibration constant A; for
use in determining the excess charge carrier lifetime of the semiconductor sample 440
dependent upon the charge carrier generation rate per unit volume, physical properties
of the semiconductor sample 440, and the measured physical response of the
semiconductor sample 440. The processor 410 analyzes the reference illumination
measurement and the photoluminescence or photoconductance measurement. More
particularly, the processor 410 derives and analyzes a charge carrier generation rate
per unit volume signal G(t) dependent upon the absolute value of photon flux
(obtained separately using a calibrated illumination detector 480) and the physical

properties of the semiconductor sample 440.

The physical properties of the semiconductor sample 440 compﬁse the thickness, the
wavelength-dependent optical absorption coefficient, and the wavelength-dependent

reflectance of the sample 440.

While the foregoing embodiment of the invention has been described with reference
to a single physical response being measured, two or more physical responses may be
measured. For example, the two physical responses may be photoluminescence and
photoconductance. The two measurements obtained by two measurement devices 470
may be performed simultaneously or substantially simultaneously under the same
illumination produced by the light source 430. Alternatively, the measurements may
be performed sequentially using reproducible illumination produced by the light
source 430, where the signal driver 420 is coupled to the light source 430 for
controlling a reproducible pulse profile of the illumination. The measurement device
470 may comprise an optical measurement device for measuring photoluminescence,
or an electrical measurement device for measuring the physical response of the

semiconductor sample, or both. The electrical measurement device may be an
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inductively coupled radiofrequency (RF) bridge for measuring photoconductance, or a
microwave reflectance measurement device. The system performs calibration self-
consistently for charge-carrier-lifetime measurements. This calibration may be used

to enable carrying out true QSS measurements but is not limited to QSS

measurements.

The conversion of a measured PL signal into a spatially-averaged, absolute excess
carrier concentration An is an important step in PL lifetime measurements and also in
the Suns-PL technique. In the embodiments of the invention, the conversion of
relative PL signals into absolute excess carrier concentration An is significantly
simplified. The quantities that must be known accurately in absolute units for methods
in accordance with the embodiments of the invention to be applied are incident
photon flux as well as thickness and reflectance and absorption coefficient at the
wavelegth of light emitted by the light source 430 of the semiconductor sample. Such
methods, which are discussed hereinafter with reference to PL, can also be applied to

calibrate relative PC measurements.

Assuming homogeneous carrier concentrations within a semiconductor sample at all
times, the evolution of the average excess carrier concentration An(t) under
illumination as a function of time is determined by the charge carrier generation rate

G(t) of charge carriers and by a total recombination rate, as follows:

dAn(t) _ An@)
dt =60 reﬁ[An(t)]' M

In Eq. (1), the recombination rate is expressed in terms of an effective excess charge
carrier lifetime T.s(An), which itself depends on the excess carrier concentration An.
From Eq. (1), the effective excess charge carrier lifetime is given as follows:

< An(t) >
d<An()>"
dt

@)

Ty =
G(t) -
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where G(t) is the charge carrier generation rate of carriers per unit volume as a
function of time, and <An(t)> is a weighted average over the volume of the the

semiconductor sample of the excess charge carrier density.

In the embodiment of Fig, 4, a calibrated illumination detector 480 measuring
absolute photon flux may be positioned next to or in place of the semiconductor
sample 440, so that a scaling factor can be determined for the relative reference
illumination detector 460, allowing the absolute photon flux that would be incident on

the sample 440 from the light source 430 to be determined.

Fig. 10 illustrates illumination 1020 incident on a semiconductor sample 1010 of
thickness d and illustrates reflected illumination denoted with an arrow 1030,
dependent upon the reflectance R(A), which is a function of illumination wavelength.
Thus, the sample’s thickness d is sufficient to absorb the entirety of accepted incident
light to generate charge carriers , where a(A) is the wavelength dependent absorption
coefficent of the semiconductor sample. If a(A) is not at least approximately known,
it would be uncertain if all the photon flux entering the semiconductor sample 440 is
absorbed. An alternative to knowing () is to measure the transmission through the
semiconductor sample 440. Fig. 11 is a plot showing a corresponding pulse of charge
carrier generation in the semiconductor sample in response to the pulse profile of the
incident light. The pulse in Fig. 11 has a rising branch 1110 and a falling branch
1120.

The conversion of experimental relative PL intensities into absolute excess charge
carrier concentration An may involve the iterative determination of a calibration factor
Ajusing the following relationship:

A;- Ip.=B - (Np + <An>) ' <An>, 4)
where B is the radiative recombination coefficient and Ny, is the doping density. Ipy, is
the measured photoluminescence current in the PL detector 470 and <An> is a

weighted average over the volume of the semiconductor sample of An. The
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determination of the calibration factor A;is also based on a relationship between the
effective excess charge carrier lifetime toy and the weighted average and the charge
carrier generation rate and time derivatives of: the weighted average, the generation

rate, or both.

In the case of photoconductance, the calibration factor A; may be determined
iteratively based on the relationship, A;* Vpc= (Ue + M) * <An>, where Vpc is the
measured PC signal (e.g., voltage), L. is the electron mobility, py is the hole mobility,
and <An> is is a weighted average over the volume of the said semiconductor sample
of the excess charge carrier density, and based on a relationship between the effective
excess charge carrier lifetime Ter and the weighted average and the charge carrier
generation rate and time derivatives of: the weighted average, the generation rate, or

both.

If the correct absolute charge carrier generation rate G(t) but an incorrect calibration
factor A; is used for the analyéis of experimental PL data, hysteresis effects are
expected in the Tes(An) curves. The conversion of relative PL intensities into absolute
excess carrier concentration An is reduced to the measurement of the absolute charge
carrier generation rate G(t) and subsequent variation of A; during the analysis of

experimental PL data until hysteresis effects in resulting t.s(An) curves are either

- eliminated or minimized. Thus, the calibation constant A; can be iteratively

determined, starting with an initial seed value for the calibration constant A;. It may
take several iterations until the hysteresis effects are minimized or eliminated. The
measurement is self consistent when the disagreement between the rising branch and
falling' branch is minimized. A non-linear dependence of the PL intensity on the
product of charge carrier concentrations is expected at high excess carrier con-
centrations An due to the reduced Coulomb attraction between electron and holes.
This effect can either be explicitly taken into account in the analysis by using an

analytical expression for the relative variation of B with injection level or the
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calibration can be restricted to excess carrier concentrations An < 10" ¢m™ , where B

is essentially constant in the case of silicon samples.

Fig. 12 is a plot of Tcfr as a function of excess charge carrier density An, showing a
theoretical curve and the hysteresis effects are indicated for the rising branch 1210
(long dashes) and the falling branch 1220 (short dashes). The correct calibration

constant minimizes the hysteresis in the values of ..

Fig. 6 illustrates in further detail the step 516 of Fig. 5. The processing commences in
step 610. In decision step 612, a check is made to determine what type of photon flux
has been measured. If absolute photon flux has been measured, the charge carrier
generation rate is calculated using the absolute photon flux and the physical properties
of the sample at step 616. Otherwise (relative), processing continues at step 614. In
decision step 614, a check is made to determine if the ratio of absolute photon flux to
relative photon flux is known from calculation or the design of the system for
measuring A;. The geometry of the light source, the reference illumination detector
and the semiconductor sample, the reflectance of the beam splitter, and characteristics
of the reference illumination detector affect the ratio of absolute to relative photon
flux. If step 614 returns false (No), processing continues at step 618 and the ratio of
absolute photon flux to relative photon flux is measured. Processing then continues in
step 619. Otherwise, if step 614 returns true (Yes), processing continues at step 619.
In step 619, the relative photon flux measurements are converted into absolute photon
flux using the ratio of absolute to relative photon flux. Processing continues at step
616. In step 616, the charge carrier generation rate is calculated using the absolute
photon flux and the physical properties of the semiconductor sample. Processing then

terminates at step 620.

Fig. 7 illustrates in greater detail step 520 of Fig. 5. Processing commences in step
710. Instep 712, an array of charge carrier generation rate values is created as a
function of time. While the term “array” is used to describe the collection of charge

carrier generation rate values, step 712 is not limited to any particular data structure,
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The main point is that a number of charge carrier generation rate values are created.
The same principle applies to steps 716 and 718, described hereinafter. In step 714, a
seed value is chosen for the calibration constant A;. In step 716, an array of An values
are determined as a function of time with the current calibration constant A;. In step
718, an array of T values are determined as a function of An. In step 720, the degree
of hysteresis in Tefr values as a function of An is evaluated. In decision step 722, a
check is made to determine if the evaluation shows that the hysteresis has minimized
sufficiently. If step 722 returns true (Yes), processing terminates in step 726.
Otherwise, if step 722 returns false (No), processing continues at step 724. In step
724, the calibration constant A; is changed in an appropriate direction to minimize
hysteresis. Processing then continues at step 715. Regarding step 724, an initial
adjustment of the calibration constant may increase the hysteresis, and therefore it

may be 2 or 3 iterations of step 716-724 before hysteresis starts to minimize.

Equation (4) is used to convert the relative PL or PC signals into An(t) curves using a
trial value of A;. The two curves (similar to those shown in Fig. 3) are analyzed and
interpreted in terms of excess charge carrier lifetime using Equation 2, yielding curves
similar to those shown in Fig. 1. With correct calibration (correct value of A;), the
same excess charge carrier lifetimes are obtained in the rising and falling branches of
the Tei(An) curves . However, incorrect calibration (incorrect value of calibration
constant A; ) results in different excess charge carrier lifetimes (both in error, but each
with a different error) in the rising and falling branches. Steps 716 to 724 are repeated
using values of A; until the hysteresis in the Tcs(An) curves shown in Fig. 1 is
eliminated or minimised — i.e. until the rising and falling braches of in the Tes(An)
curves are aligned. The embodiments of the invention may make excess charge
carrier lifetime measurements more accurate in the case of PC (which conventionally
is calibrated using a different method). In the case of photoluminescence, the
embodiments of the invention allow PL to be used as a self-contained method without
requiring a separate calibration method using a different technique (PC for example).

Instead, absolute excess charge carrier lifetime can be obtained without using PC or
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another separate excess charge carrier lifetime measurement method . The utility of
the embodiments of the invention is enhanced due to the superior sensitivity of PL
over PC in many practical cases and its freedom from common artifacts such as the
Depletion Region Modulation effect and trapping related artifacts found in PC and

other excess charge carrier lifetime measurement methods.

Demonstration Using Numerically Simulated Data

The principle of calibration methods in accordance with embodiments of the
invention can be demonstrated using numerically simulated data. The excess carrier
profile An(t) can be calculated using Equation (1) for a charge carrier generation
profile with amplitude 4.6% 10" cm™® s and a frequency of 15.5 Hz. The effective
excess charge carrier lifetime is assumed to decrease linearly from 314 ps at An=0O
to 309 pus at An = 10" cm similar to the experimentally observed excess charge
carrier lifetime data that is discussed hereinafter. The doping density is assumed to be
Np = 5%10'° cm™ (corresponding to 1 © cm n-type silicon). The absolute PL signal is
calculated from Equation (4) using the numerical data for An(t) and A; = 1. These nu-
merically simulated PL data are analyzed using Eqs. (2) and (3). The dotted lines in
FIG. 1 show Tes(An) curves calculated from the numerically generated PL data for
various trial values of A;. Clear hysteresis effects are predicted even for deviations of
A; from unity of only a few percent for Ai=0.95. The minimization of such hysteresis
effects in experimental Te(An) data allows the correct scaling factor A; to be
determined and relative PL signals to be converted into absolute An as is

demonstrated experimentally hereinafter.

This method relies on an absolute measurement of the average charge carrier
generation rate G(t) within the sample. A solid state light source such as a light
emitting diode (LED) array with a narrow spectrum (30 nm full width at half
maximum) centered at 870 nm can be used. The penetration depth for this wavelength
is much shorter than the thickness of a typical silicon wafer and the absorptance

A(hw)is therefore determined by the front surface reflectance Ry, i.e.,
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Alhw)=1-R g (ho). As the reflectance normally varies only marginally over a few

nanometers wavelength in typical bulk samples, the determination of G(t) reduces to

the measurement of the incident absolute photon flux J, and of the front surface

reflection, the latter measured at the peak emission wavelength:
1
G(t) = ZZ“ ) "]y -(1- 'Rf,87011m) s (5)

where d is the thickness of the sample.

The incident absolute photon flux can be measured with a calibrated photodetector.
The front surface reflectance has only a minor impact on the accuracy of the method,
especially in textured samples or in planar samples with an antireflection coating for
which the value of Rgg70 am iS typically on the order of only a few percent. Because the
charge carrier generation rate is linear in 1-Ry, an absolute error in the reflectance ofa
few percent only results in a corresponding relative variation of G(t), allowing the
self-consistent calibration to be carried out even if the reflectance Ry can only be

estimated.

PL and PC measurements have been carried out using an 870 nm LED array with
1.5 W cw optical output power for excitation. The incident light intensity was
measured with a calibrated Si sensor, and the reflectance of each investigated sample

was measured with a Cary 500 spectrophotometer.

Excess charge carrier lifetime measurements were carried out on a textured 1 Q cm n-
type silicon sample with a thickness of 235 pm, passivated with thermal oxides and a
phosphorous diffusion on both sides. The relative PL signal from that sample was
measured for a charge carrier generation profile with frequency 15.5 Hz and a peak
amplitude corresponding to an absolute charge carrier generation rate of 4.6% 10"
cm™. The excess carrier concentration was determined from the relative PL data
according to Eq. (4) with various trial values for A;. The resulting effective excess

charge carrier lifetime Tes(An) curves are plotted as a function of the injection level in
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FIG. 1 (solid lines). Only one value for A; leads to consistent effective excess charge
carrier lifetime Toe(An) data from the rising and the falling branches of the wave form,
with significant hysteresis effects for all other scaling factors (note that the
experimental trial values far A; were normalized in Fig. 1 to the value of A; that
minimizes the hysteresis effects). The close agreement between the experimental and
the theoretical data shown in FIG. 1 is a strong indication of the viability and

accuracy of the method.

An experimental check of the accuracy of the self-consistently calibrated PL lifetime
measurement was carried out by comparison with transient PL experiments, which
have the advantage that transient PL experiments give the effective excess charge
carrier lifetime Togr in absolute units independent of the calibration of the system,
provided the latter is linear. The transient PL lifetime data (indicated black, dotted
line) are shown in Fig. 2 together with results from a self consistently calibrated
quasi-steady-state PL measurement, in which the scaling factor A; that was
determined from the measurements (black, solid line) shown in Fig. 1 was used. The
transient and the self -consistently determined values for the effective excess charge
carrier lifetime t o¢f (An) agree to within 6% over the whole injection level range

studied.

To confirm these results with an independent experimental method, photoconductance
decay and QSS-PC were measured on the same sample using a calibrated PC setup
(Sinton Consulting WCT 100). In PC measurements, the measured relative signal is
converted into absolute excess conductivity Ac using linear (Cy,) and quadratic
calibration factors. However, in typical PC setups this relation is a good
approximation linear at low injection levels, and the quadratic calibration factor can
be neglected. The commercial PC setup used here was factory calibrated using a set of

silicon wafers with variable resistivity.
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Fig. 2 shows the excess charge carrier lifetime from a transient pbotoconductance
measurement (dashed line), which agrees well with the transient PL results with
deviations <2%. The QSS-PC lifetime was measured using the same waveform as for
the self consistent PL measurements from Fig. 1. Analyzing the data using the factory
settings for Cy;, yielded a excess charge carrier lifetime of only 180 ps and also
produced pronounced hysteresis effects. Thus, the linear PC calibration factor Cy, has
changed due to modifications of the setup. The calibration is particularly sensitive to
the distance between the wafer and the PC coil. Variation of Cy, in the analysis
allowed these hysteresis effects to be eliminated in the same way as shown in Fig. 1
for PL. The excess charge carrier lifetime curve for the value of Cy, that minimizes
hysteresis in‘the PC (solid line in Fig. 2) was found to be the one that also matches the
transient PC and the PL data best, which gives another strong indication of the

accuracy of the method.

Other silicon wafers with variable doping density, doping type, thickness, surface
texture, and material quality were investigated and found to have similarly good
agreement between self-consistently calibrated QSS-PL data on the one hand and the
transient PL, transient PC and self-consistently calibrated QSS-PC on the other hand.
The experiments showed that the calibration factor Ciin determined self-consistently
for the PC setup varies by up to 30% from one wafer to the other. For PC users, the
measurements obtained clearly demonstrate that a self-consistent calibration of the
linear calibration factor Cy, is necessary for each type of sample to achieve more

accurate QSS-PC lifetime measurements.

In principle, comparison of a transient measurement with a quasi steady state
measurement is sufficient to calibrate PL (or PC) measurements. However, on low
excess charge carrier lifetime samples, transient PL measurements can be difficult due
to experimental limitations of the data acquisition rate or die bandwidth of the PL
detection system, which typically comprises a photodetector and a low noise
preamplifier. The self-consistent method is carried out in an intermediate regime

between transient and QSS and can be carried out close to quasi-steady-state
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conditions, i.e., with comparatively slow wave forms, thereby extending the range of
excess charge carrier lifetimes to which the method can be applied. This point is
elucidated by the experimental data of the normalized An(t) and the normalized G(t)
shown in Fig. 3. The small shift between G(t) and An (t) is sufficient to produce the
pronounced hysteresis effects shown in Fig. 1, which in turn allowed A; to be

determined accurately as shown in Fig. 2.

Other Configurations

Fig. 8 illustrates a system 800 for producing self-consistently a calibration factor for
excess charge carrier lifetime measurements. The system 800 comprises a computer
810, a signal driver 820, a light source 830, a beam splitter 850, and a measurement
device 870 that contactlessly measures a physical response of the semiconductor
sample 840. These features are configured in the manner depicted in Fig. 4 and have
like numbers (e.g. the light source 430 of Fig. 4 is numbered 830 in Fig. 8). For the
sake of brevity, description of these features and their functions are not repeated here.
In this embodiment, the reference illumination detector 860 measures the absolute
value of photon flux, rather the relative photon flux measured by detector 460. This
may be achieved for example by choosing a suitable ratio of transmission to reflection

for the beamsplitter

Fig. 9 illustrates yet another system 900 for producing self-consistently a calibration
factor for excess charge carrier lifetime measurements. The system 900 comprises a
computer 910, a signal driver 920, a light source 930, and a measurement device 970
that contactlessly measures a physical response of the semiconductor sample 940.
These features are configured in the manner depicted in Fig. 4 and have like numbers
(e.g. the light source 430 of Fig. 4 is numbered 930 in Fig. 9). For the sake of brevity,
description of these features and their functions are not repeated here. In this
embodiment, the reference illumination detector 860 also measures the absolute value
of photon flux. However, in this embodiment, a beam splitter is not used, and instead

the reference illumination detector is position adjacent to the sample 940. Thus, for
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substantially uniform illumination, the detector 960 and the sample 940 are similarly

illuminated.

Computer Implementation

The methods according to the embodiments of the invention may be practiced using
one or more general-purpose computer systems, handheld computing devices, and
other suitable computing devices, in which the processes described with reference to
Figs. 1-13 may be implemented at least in part as software, such as an application
program executing within the computer system 410 of Fig. 4 or a handheld computing
device. In particular, instructions in the software that are carried out by the computer
effect the steps in the method, at least in part. Software may include one or more
computer programs, including application programs, an operating system, procedures,
rules, data structures, and data. The instructions may be formed as one or more code
modules, each for performing one or more particular tasks. The software may be
stored in a computer readable medium, comprising one or more of the storage devices
described below, for example. The computer system loads the software from the
computer readable medium and then executes the software. Fig. 13 depicts an
example of a computer system 1300 with which the embodiments of the invention
may be practiced. A computer readable medium having such software recorded on
the medium is a computer program product. The use of the computer program
product in the computer system may effect an advantageous apparatus in accordance

with the embodiments of the invention.

Fig. 13 illustrates the computer system 13 in block diagram form, coupled to a
wireless network 1320. An operator may use the keyboard 1330 and/or a pointing
device such as the mouse 1332 (or touchpad, for example) to provide input to the
computer 1350. The computer system 1300 may have any of a number of output
devices, including line printers, laser printers, plotters, and other reproduction devices
connected to the computer. The computer system 1300 can be connected to one or

more other computers via a communication interface 1364 using an appropriate
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communication channel 1340. The computer network 1320 may comprise a wireless

local area network (WLAN), for example.

The computer 1350 may comprise a processing unit 1366 (e.g., one or more central
processing units), memory 1370 which may comprise random access memory
(RAM), read-only memory (ROM), or a combination of the two, input/output (I0)
interfaces 1372, a graphics interface 1360, and one or more storage devices 1362.

The storage device(s) 1362 may comprise one or more of the following: a floppy
disc, a hard disc drive, a magneto-optical disc drive, CD-ROM, DVD, a data card or
memory stick, flash RAM device, magnetic tape or any other of a number of non-
volatile storage devices well known to those skilled in the art. While the storage
device is shown directly connected to the bus in Fig. 13, such a storage device may be
connected through any suitable interface, such as a parallel port, serial port, USB
interface, a Firewire interface, a wireless interface, a PCMCIA slot, or the like. For
the purposes of this description, a storage unit may comprise one or more of the
memory 1370 and the storage devices 1362 (as indicated by a dashed box surrounding

these elements in Fig. 13).

Each of the components of the computer 1350 is typically connected to one or more
of the other devices via one or more buses 1380, depicted generally in Fig. 13, that in
turn comprise data, address, and control buses. While a single bus 1380 is depicted in
Fig. 13, it will be well understood by those skilled in the art that a computer or other
electronic computing device, such as a PDA, may have several buses including one or
more of a processor bus, a memory bus, a graphics card bus, and a peripheral bus.
Suitable bridges may be utilized to interface communications between such buses.
While a system using a CPU has been described, it will be appreciated by those
skilled in the art that other processing units capable of processing data and carrying
out operations may be used instead without departing from the scope and spirit of the

invention.
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The computer system 1300 is simply provided for illustrative purposes, and other
configurations can be employed without departing from the scope and spirit of the
invention. Computers with which the embodiment can be practiced comprise IBM-
PC/ATs or compatibles, laptop/notebook computers, one of the Macintosh (TM)
family of PCs, Sun Sparcstation (TM), a PDA, a workstation or the like. The
foregoing are merely examples of the types of devices with which the embodiments of
the invention may be practiced. Typically, the processes of the embodiments,
described hereinafter, are resident as software or a program recorded on a hard disk
drive as the computer readable medium, and read and controlled using the processor.
Intermediate storage of the program and intermediate data and any data fetched from

the network may be accomplished using the semiconductor memory.

In some instances, the program may be supplied encoded on a CD ROM or a floppy
disk, or alternatively could be read from a network via a modem device connected to
the computer, for example. Still further, the software can also be loaded into the
computer system from other computer readable medium comprising magnetic tape, a
ROM or integrated circuit, a magneto-optical disk, a radio or infra-red transmission
channel between the computer and another device, a computer readable card such as a
PCMCIA card, and the Internet and Intranets comprising email transmissions and
information recorded on websites and the like. The foregoing is merely an example
of relevant computer readable mediums. Other computer readable mediums may be

practiced without departing from the scope and spirit of the invention.

A small number of embodiments of the invention regarding methods, apparatuses and
systems for producing self consistently a calibration factor A, for use in determining a
excess charge carrier lifetime in a semiconductor sample have been described. In the
light of the foregoing, it will be apparent to those skilled in the art in the light of this
disclosure that various modifications and/or substitutions may be made without

departing from the scope and spirit of the invention.



10

15

20

25

30

WO 2008/052237 PCT/AU2006/001625

-33-
CLAIMS
We claim:
1. A system for producing self consistently a calibration factor A; for use

in determining a charge carrier lifetime in a semiconductor sample, said system
comprising:

a light source for reproducibly illuminating a semiconductor sample with a
time-varying absolute photon flux;

a measurement device for contactlessly measuring a physical response of said
semiconductor sample dependent on the excess charge carrier density in said
semiconductor sample produced by said illumination; and

a processor coupled to said measurement device for producing self
consistently a calibration factor A; for use in determining the excess charge carrier
lifetime of said semiconductor sample dependent upon a charge carrier generation rate
per unit volume as a function of time, and said measured physical response of said

semiconductor sample.

2. The system according to claim 1, wherein said charge carrier
generation rate is known by measuring the absolute photon flux as a function of time
incident upon said semiconductor sample and is dependent upon known physical

properties of said semiconductor sample.

3. A system for producing self consistently a calibration factor A; for use
in determining a charge carrier lifetime in a semiconductor sample, said system
comprising:

a light source for illuminating a semiconductor sample with a time-varying
absolute photon flux;

a reference illumination detector to measure the photon flux incident upon said

semiconductor sample emitted by said light source;
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a measurement device for contactlessly measuring a physical response of said
semiconductor sample dependent on the excess charge carrier density in said
semiconductor sample produced by said illumination; and

a processor coupled to said reference illumination detector and said
measurement device for producing self consistently a calibration factor A; for use in
determining the excess charge carrier lifetime of said semiconductor sample
dependent upon a reference illumination measurement of said reference illumination
detector, known physical properties of said semiconductor sample, and said measured

physical response of said semiconductor sample.

4. The system according to any one of claims 1 to 3, wherein said light
source comprises at least one of:

one or more monochromatic or substantially monochromatic light sources;

one or more lasers;

one or more lasers with filtering;

a broad spectrum light source;

a broad spectrum light source that is filtered,

a high power light emitting diode;

a high power light emitting diode with filtering;

an array of light emitting diodes; and

an array of light emitting diodes with filtering.

5. The system according to any one of claims 1 to 4, further comprising a
signal driver coupled to said light source for controlling said time-varying absolute

photon flux illuminating said semiconductor sample.

6. The system according to claim 5, wherein said signal driver is coupled
to said light source and said processor, said signal driver being at least partly

implemented using said processor.
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7. The system according to claim 3, wherein said processor derives and
analyzes a charge carrier generation rate per unit volume signal dependent upon the
absolute value of the photon flux of said reference illumination measurement and said

physical properties of said semiconductor sample.

8. The system according to any one of claims 1 to 7, wherein said
physical properties of said semiconductor sample comprise the thickness, the
wavelength-dependent optical absorption coefficient, and the wavelength-dependent

reflectance of said semiconductor sample.

9. The system according to any one of claims 3 to 8, wherein said
reference illumination detector and said semiconductor sample are alternately
arrangable in the same position relative to said light source for alternately measuring
said photon flux incident upon said semiconductor sample, and said physical response

of said semiconductor sample, under the same nominal illumination conditions.

10.  The system according to claim 9, wherein said reference illumination
detector measures a photon flux essentially equivalent to the absolute photon flux of

said illumination that would be incident upon said semiconductor sample.

11.  The system according to any one of claims 3 to 9, further comprising a
beam splitter disposed between said light source and said semiconductor sample to

direct at least a portion of said illumination to said reference illumination detector.

12.  The system according to claim 11, wherein said reference illumination
detector and said semiconductor sample are arranged in a substantially non-parallel

orientation relative to each other.

13.  The system according to claim 11 or 12, wherein said reference

illumination detector measures the relative photon flux of said illumination.
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14.  The system according to claim 13, wherein a separate measurement is
required to calibrate the measured relative photon flux to derive an absolute value of

said photon flux incident upon said semiconductor sample.

15.  The system according to claim 13, wherein the ratio between the
measured relative photon flux and the absolute photon flux incident upon said

semiconductor sample is determined based on the design of said beam splitter.

16.  The system according to claim 12, wherein said physical response of
said semiconductor sample comprises at least one of relative photoluminescence,
relative photoconductance, relative free carrier absorption, and relative free carrier

emission.

17.  The system according to any one of claims 3 to 8, wherein said
reference illumination detector and said semiconductor sample are arranged in a

substantially parallel orientation in substantially the same plane.

18.  The system according to claim 17, wherein said reference illumination
detector measures a photon flux essentially equivalent to the absolute photon flux of

said illumination incident upon said semiconductor sample.

19.  The system according to 16 or 17, wherein said physical response of
said semiconductor sample comprises at least one of photoluminescence,

photoconductance, free carrier absorption, and free carrier emission.

20.  The system according to claim 16 or 18, comprising at least two

measurement devices for measuring at least two physical responses.

21.  The system according to any one of claims 1 to 20, wherein said
measurement device comprises an optical measurement device for measuring said

physical response of said semiconductor sample.
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22.  The system according to any one of claims 1 to 21, wherein said
measurement device comprises an electrical measurement device for measuring said

physical response of said semiconductor sample,

23.  The system according to claim 22, wherein said electrical
measurement device comprises an inductively coupled radiofrequency (RF) bridge for

measuring photoconductance.

24.  The system according to claim 22, wherein said electrical
measurement device comprises a microwave reflectance, transmission or absorption

measurement device.

25.  The system according to any one of claims 20 to 24, said at least two

physical responses are photoluminescence and photoconductance.

26.  The system according to claim 20 or 25, wherein said measurements
are performed simultaneously or substantially simultaneously under the same

illumination produced by said light source.

27.  The system according to claim 20 or 25, wherein said measurements
are performed sequentially using reproducible illumination produced by said light
source, a signal driver being coupled to said light source for controlling a

reproducible pulse profile of said illumination.

28.  The system according to any one of claims 1 to 27, wherein said
system performs calibration for quasi-steady-state, charge-carrier-lifetime

measurements.

29.  The system according to any one of claims 1 to 28, wherein said

calibration factor A; is determined iteratively based on the relationship between
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A;- Ipr, and a weighted average over the volume of the said semiconductor sample of
B ‘- n - p, where Ip. is the measured PL current, B is the radiative recombination
coefficient, n is the electron density and p is the hole density, and based on a
relationship between the effective excess charge carrier lifetime to¢ and said
weighted average and the charge carrier generation rate and the time derivative of said

weighted average.

30.  The system according to any one of claims 1 to 28, wherein said
calibration factor A; is determined iteratively based on the relationship between A, -
I, and a weighted average over the volume of the said semiconductor sample of B -
n -+ p, where Ipy, is the measured PL current, B is the radiative recombination
coefficient, n is the electron density and p is the hole density, and based on a time
dependent relationship between the effective excess charge carrier lifetime T and

said weighted average and the charge carrier generation rate.

31.  The system according to any one of claims 1 to 28, wherein said
calibration factor A; is determined iteratively based on the relationship, A; - Ipr, and

B - (Np + <An>) - <An>, where IpL, is the measured PL current, B is the
radiative recombination coefficient, Np is the doping density, and <An> is a weighted
average over the volume of the said semiconductor sample of the excess charge
carrier density, and based on a relationship between the effective excess charge carrier
lifetime Terr and said weighted average and said charge carrier generation rate and the

time derivative of said weighted average.

32.  The system according to any one of claims 1 to 28, wherein said
calibration factor A; is determined iteratively based on the relationship, A; - Ip, and

B - (Np + <An>) - <An>, where Ip|, is the measured PL current, B is the
radiative recombination coefficient, Np is the doping density, and <An> is a weighted
average over the volume of the said semiconductor sample of the excess excess

charge carrier density, and based on a time dependent relationship between the
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effective excess charge carrier lifetime terr and said weighted average and said charge

carrier generation rate.

33.  The system according to any one of claims 1 to 28, wherein said
calibration factor A; is determined iteratively based on the relationship, A;- Vpc=
(e + 1) * <An>, where Vpc is the measured PC signal, e is the electron mobility, L
is the hole mobility, and <An> is a weighted average over the volume of the said
semiconductor sample of the excess charge carrier density, and based on a
relationship between the effective excess charge carrier lifetime T and said
weighted average and said charge carrier generation rate and time derivative of said

weighted average.

34.  The system according to any one of claims 1 to 28, wherein said
calibration factor A; is determined iteratively based on the relationship, A;+ Vec=
(pe + 1) - <An>, where Vpc is the measured PC signal, L. is the electron mobility, uy
is the hole mobility, and <An> is a weighted average over the volume of the said
semiconductor sample of the excess charge carrier density, and based on a time
dependent relationship between the effective excess charge carrier lifetime T and

said weighted.average and said charge carrier generation rate.

35.  The system according to claim 29, 31 or 33, wherein said relationship
governing the effective excess charge carrier lifetime tefr is defined as follows:

< An(t) >
d <An(t) >’
dt

where G(t) is said charge carrier generation rate of carriers per unit volume, and

Ty =
G(t) -

<An(t)> is a weighted average over the volume of the said semiconductor sample of

the excess charge carrier density.

36. A method for producing self consistently a calibration factor A; for use

in determining a charge carrier lifetime in a semiconductor sample, said method
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comprising:

reproducibly illuminating a semiconductor sample with a time-varying
absolute photon flux;

contactlessly measuring a physical response of said semiconductor sample
dependent on the excess charge carrier density in said semiconductor sample
produced by said illumination; and

producing self consistently a calibration factor A; for use in determining the
excess charge carrier lifetime of said semiconductor sample dependent upon a charge
carrier generation rate per unit volume as a function of time, and said measured

physical response of said semiconductor sample.

37.  The method according to claim 36, wherein said charge carrier
generation rate is known by measuring the absolute photon flux as a function of time
incident upon said semiconductor sample and is dependent upon known physical

properties of said semiconductor sample.

38. A method for producing self consistently a calibration factor A; for use
in determining a charge carrier lifetime in a semiconductor sample, said method
comprising:

illuminating a semiconductor sample with a time-varying absolute photon
flux;

measuring the photon flux incident upon said semiconductor sample;

contactlessly measuring a physical response of said semiconductor sample
dependent on the excess charge carrier density in said semiconductor sample
produced by said illumination; and

producing self consistently a calibration factor A; for use in determining the
excess charge carrier lifetime of said semiconductor sample dependent upon a
reference illumination measurement, known physical properties of said semiconductor

sample, and said measured physical response of said semiconductor sample.



WO 2008/052237 PCT/AU2006/001625

10

15

20

25

30

41-

39.  The method according to any one of claims 36 to 38, wherein said
illumination is generated by a light source comprising at least one of:

one or more monochromatic or substantially monochromatic light sources;

one or more lasers;

one or more lasers with filtering;

a broad spectrum light source;

a broad spectrum light source that is filtered;

a high power light emitting diode;

a high power light emitting diode with filtering;

an array of light emitting diodes; and

an array of light emitting diodes with filtering.

40.  The method according to claim 36 to 39, wherein a signal driver
coupled to said light source controls said time-varying absolute photon flux

illuminating said semiconductor sample.

41.  The method according to claim 40, wherein said signal driver is at least

partly implemented in software using a processor.

42.  The method according to claim 38, further comprising the steps of
deriving and analyzing a charge carrier generation rate per unit volume signal
dependent upon the absolute value of the photon flux of said reference illumination

measurement and said physical properties of said semiconductor sample.

43.  The method according to any one of claims 36 to 42, wherein said
physical properties of said semiconductor sample comprise the thickness, the
wavelength-dependent optical absorption coefficient, and the wavelength-dependent

reflectance of said semiconductor sample.

44,  The method according to any one of claims 38 to 43, wherein a

reference illumination detector and said semiconductor sample are alternately
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arrangable in the same position relative to a light source for alternately measuring said
photon flux incident upon said semiconductor sample, and said physical response of

said semiconductor sample, under the same nominal illumination conditions.

45.  The method according to claim 44, wherein said reference illumination
detector measures a photon flux essentially equivalent to the absolute photon flux of

said illumination that would be incident upon said semiconductor sample.

46.  The method according to any one of claims 38 to 44, wherein a beam
splitter is disposed between a light source and said semiconductor sample to direct at

least a portion of said illumination to a reference illumination detector.

47.  The method according to claim 46, wherein said reference illumination
detector and said semiconductor sample are arranged in a substantially non-parallel

orientation relative to each other.

48.  The method according to claim 46 or 47, wherein said reference

illumination detector measures the relative photon flux of said illumination.

49.  The method according to claim 48, wherein a separate measurement is
required to calibrate the measured relative photon flux to derive an absolute value of

said photon flux incident upon said semiconductor sample.

50.  The method according to claim 48, wherein the ratio between the
measured relative photon flux and the absolute photon flux incident upon said

semiconductor sample is determined based on the design of said beam splitter.

51.  The method according to claim 47, wherein said physical response of
said semiconductor sample comprises at least one of relative photoluminescence,
relative photoconductance, relative free carrier absorption, and relative free carrier

emission.
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52. The method according to any one of claims 38 to 43, wherein a
reference illumination detector and said semiconductor sample are arranged in a

substantially parallel orientation in substantially the same plane.

53. The method according to claim 52, wherein said reference illumination
detector measures a photon flux essentially equivalent to the absolute photon flux of

said illumination incident upon said semiconductor sample.

54. The method according to 51 or 52, wherein said physical response of
said semiconductor sample comprises at least one of photoluminescence,

photoconductance, free carrier absorption, and free carrier emission.

55.  The method according to claim 51 or 53, wherein at least two

measurement devices measure at least two physical responses.

56.  The method according to any one of claims 36 to 55, wherein a
measurement device comprises an optical measurement device for measuring said

physical response of said semiconductor sample.

57.  The method according to any one of claims 36 to 56, wherein a
measurement device comprises an electrical measurement device for measuring said

physical response of said semiconductor sample.

58.  The method according to claim 57, wherein said electrical
measurement device comprises an inductively coupled radiofrequency (RF) bridge for

measuring photoconductance.

59.  The method according to claim 57, wherein said electrical
measurement device comprises a microwave reflectance, transmission or absorption

measurement device.
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60.  The method according to any one of claims 55 to 59, said at least two

physical responses are photoluminescence and photoconductance.

61.  The method according to claim 55 or 60, wherein said measurements
are performed simultaneously or substantially simultaneously under the same

illumination produced by said light source.

62.  The method according to claim 55 or 60, wherein said measurements
are performed sequentially using said reproducible illumination produced by a light
source, a signal driver being coupled to said light source for controlling the

reproducible pulse profile of said illumination.

63.  The method according to any one of claims 36 to 62, wherein said
method performs calibration for quasi-steady-state, charge-carrier-lifetime

measurements.

64.  The method according to any one of claims 36 to 63, wherein said
calibration factor A; is determined iteratively based on the relationship between
A;- Ip, and a weighted average over the volume of the said semiconductor sample of
B n - p, where Ip., is the measured PL current, B is the radiative recombination
coefficient, n is the electron density and p is the hole density, and based on a
relationship between the effective excess charge carrier lifetime terr and said
weighted average and the charge carrier generation rate and the time derivative of said

weighted average.

65.  The method according to any one of claims 36 to 63, wherein said
calibration factor A; is determined iteratively based on the relationship between
A;- Tpr., and a weighted average over the volume of the said semiconductor sample of
B - n- p, where Ipy, is the measured PL current, B is the radiative recombination

coefficient, n is the electron density and p is the hole density, and based on a time
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dependent relationship between the effective excess charge carrier lifetime Ter and
said weighted average and the charge carrier generation rate and the charge carrier

generation rate.

66.  The method according to any one of claims 36 to 63, wherein said
calibration factor A; is determined iteratively based on the relationship, A;- Ipr, and B
- (Np + <An>) - <An>, where Ip;, is the measured PL current, B is the radiative
recombination coefficient, Np is the doping density, and <An> is a weighted average
over the volume of the said semiconductor sample of the excess charge carrier
density, and based on a relationship between the effective excess charge carrier
lifetime Ter and said weighted average and said charge carrier generation rate and the

time derivative of said weighted average.

67.  The method according to any one of claims 36 to 63, wherein said
calibration factor A; is determined iteratively based on the relationship, A;- Ipr, and
B - (Np + <An>) - <An>, where Ipy, is the measured PL current, B is the radiative
recombination coefficient, Np is the doping density, and <An> is a weighted average
over the volume of the said semiconductor sample of the excess excess charge carrier
density, and based on a time dependent relationship between the effective excess
charge carrier lifetime Tegr and said weighted average and said charge carrier

generation rate.

68.  The method according to any one of claims 36 to 63, wherein said
calibration factor A; is determined iteratively based on the relationship, A+ Vec =
(pe + ) + <An>, where Vpc is the measured PC signal, pe is the electron mobility, py
is the hole mobility, and <An> is a weighted average over the volume of the said
semiconductor sample of the excess charge carrier density, and based on a
relationship between the effective excess charge carrier lifetime Ter and said
weighted average and said charge carrier generation rate and time derivative of said

weighted average.
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69.  The method according to any one of claims 36 to 63, wherein said
calibration factor A; is determined iteratively based on the relationship, A+ Vec=
(Me + i) - <An>, where Vpc is the measured PC signal, . is the electron mobility, py
is the hole mobility, and <An> is a weighted average over the volume of the said
semiconductor sample of the excess charge carrier density, and based on a time
dependent relationship between the effective excess charge carrier lifetime Toft and

said weighted average and said charge carrier generation rate.

70.  The method according to claim 64, 66 or 68, wherein said relationship
governing the effective excess charge carrier lifetime terr 1 defined as follows:

< An(t) >
d < An(t)>"
dt

where G(t) is said charge carrier generation rate of carriers per unit volume, and

Ty =
G(t) -

<An(t)> is a weighted average over the volume of the said semiconductor sample of

the excess charge carrier density.
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